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Abstract: The study presents results of finite element simulations and experimental investigations of tensile tests
of the laminated metal Al alloy/steel composite with soft aluminum interlayer. The results were obtained for the
range of interlayer thicknesses and different interlayer strength values. The relative interlayer thickness value
corresponding to the rupture of the aluminum alloy was identified.
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1 Introduction
Laminated Al/steel composites combine high values
of typical for steel properties of hardness, durability
and high-temperature strength with high thermal con-
ductivity of Al alloys.

The key applications of Al/steel bimetals are
found in shipbuilding as joints between steel hull and
Al superstructures [1], Al tanks in chemical industry
are lined with stainless steels, Al/steel composites are
widely used in nuclear engineering as transition parts
in pipeline equipment and in rocket construction to
join Al cuff with stainless steel rings in Al pipelines.

The formation of brittle FexAly phases and high
thermal stresses in the adjacent to the bond zones
are caused mainly by significant differences in chem-
ical properties, linear expansion coefficients, melt-
ing points, heat conductivity and capacity of the base
plates of the composite [2].

The bonds between steel and medium or high-
strength Al alloys obtained by any existing technol-
ogy possess high value of strength, but low values of
durability, lack of stability of mechanical properties
and break after treating above 400 ◦C. In order to
avoid the disadvantages of such bonds Al alloy/steel
composites are manufactured with thin aluminum in-
terlayers that define the strength of the composite [3].

Under perpendicular to the bond plane tensile
loads the mechanical properties of the composite de-
pend on the relative thickness of the interlayer χ =
δ/d, where δ is the thickness of the Al interlayer, d
- transverse dimension of the test sample [4]. Bak-
shi, Gurev, Tron et al. proposed equations to as-
sess strength properties of fuse and pressure con-

tact steel welds [5, 6, 7]. Based on the equations
the authors in [8] developed the classification of the
joints with different types of mechanical heterogene-
ity and proposed semi-empirical methods to calculate
the strength of the joints.

To choose the right treatment in order to ob-
tain high-strength Al alloy/Al/steel bonds the contact
hardening [4] of Al interlayer should be considered
using, for example, FEM simulation for the range of
relative thicknesses χ = δ/d ≤ 0, 9.

Explosion welded Al-6Mg/AA1135/S32109
composite is highly mechanically heterogeneous
both after explosion bonding and subsequent heat
treatments. To obtain the strength value and charac-
teristics of deformation of the composite, depending
on the relative thickness of the interlayer and do FEM
simulations of the deformation we used relations
proposed in [5].

The model of the composite to calculate its
strength was defined as: H(Hard)-S(Soft)-MH(more
Hard). The properties of the materials satisfied the
expression: σHb ≥ σMH

y , where σHb is the tensile
strength of Al-6Mg, σMH

y - yield strength of steel.
The mechanical heterogeneity coefficient was calcu-
lated by:

KB =
σHb + σMH

b

2σSb
≤ 3, (1)

where σSb tensile strength of the soft interlayer.
As proposed by the model if χ > χ0, (fig. 1,

a), the strength of the bond is equal to the ultimate
strength of the soft interlayer σSb , while if χ < χ0

the contact hardening effect is observed. During the
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effect the shear stress occurs on contact boundaries
and leads to the 3-dimensional stress state. In case of
perfect elasticity the hardening of the interlayer can
be calculated using:

σb = σSb ·Kχ, (2)

whereKχ = π
4 + 1

3·
√
3χ

denotes the contact hardening
coefficient.

When χ reaches the critical point, the effect of
contact hardening is not fully observed for the in-
terlayer due to other layers begin to plastically de-
form. The degree of mechanical heterogeneity, which
is mathematically considered by KB and the inter-
layer dimensions have a significant role in the in-
volvement of hard materials into plastic deformation.
”The softening effect” can result in the plastic defor-
mation of the adjacent to the interlayer hard metal at
the values of stress lower than tensile strength of hard
metal σHy . To consider this effect the authors of [8]
introduced the concept of the realization of contact
hardening coefficient Kh and its analytical equation:
KB =

σH
b

σS
b

≤ 2.1. Thus

σb = σSb ×Kχ ×KH , (3)

where Kh = 1.25 − 0.25 ·KB

However such an approach can be applied only to
simple shape constructions without considering load
speed and surrounding temperature, while the materi-
als of the composite should have close values of elas-
tic modulus. FEM software allows predicting the be-
havior of the composite under elaborate conditions.
This study aims to verify the FEM model of the lam-
inated metal Al-6Mg/AA1135/S32109 composite un-
der tensile load at room temperature.

2 Mechanical tests and computer
modeling

To verify the FEM simulation results the 3-layerd Al-
6Mg/AA1135/S32109 plate was obtained via explo-
sion welding (EW). Chemical composition of the lay-
ers is presented in table 1.

The thickness of the plate was approximately 33
mm, while the thickness of the Al interlayer was in the
range between 0.24 and 3 mm. The EW parameters
were chosen to obtain the composite with the strength
value of hardened AA1135 interlayer (AA1135 was
hardened during EW and contact hardened during ten-
sile load). Heat treatment of the composite at 350 ◦C
for 1 hour reduced the effect of hardening after EW in
the interlayer. The tensile samples were cut from the
three-layered EW and heat-treated plate. During the

tensile tests the tensile load was applied transversely
to the bond planes.

FEM simulation of the three layered composite
tensile tests was carried out using ABAQUS software.
The calculated Misses stress was compared to the ulti-
mate stress of the materials. The plasticity of the ma-
terial was considered using Jonson-Cook model [9],
according to which the yield strength is calculated by:

σY =
(
A+B · εnp

)
×
(

1 + C · ln
ε̇np
ε̇0

)
×

×
[
1 −

(
T − Tr
Tm − Tr

)m]
, (4)

where εp - accumulated plastic strain, ε̇p - plastic
strain rate, ε̇0 - reference strain rate, T current tem-
perature, Tr - room temperature, Tm - melting temper-
ature, A, B, C, n and m - model constants. Equation
(4) represents the hardening function of the material.

The Jonson-Cook model is usually observed
without considering the effects related to the speed of
loading and surrounding temperature. To describe the
rupture of the material the Jonson-Cook model [10]
considers the finite element breaking when parameter
D is equal to 1:

D =
1

εf

∑
i

∆εip, (5)

where ∆εip – the increment of equivalent plastic strain
which occurs during an integration cycle, εf the
equivalent strain to fracture:

εf =

[
D1 +D2 exp

(
D3 ·

p

σef

)]
×

×
(

1 +D4 ln

[
εp
ε0

])
×
(

1 +D5
T − Tr
Tm − Tr

)
(6)

The numeric values of the parameters used in this
study were observed in [11, 12, 13, 14] and are pre-
sented in tables 2 and 3. The effect of the speed of
deformation was not considered due to the low value
of ε̇p. The Jonson-Cook model parameters were not
set for steel, because the rupture of this component is
impossible. In order to take into account the condition
of Al-6Mg after EW and after heat treatment the co-
efficients of Jonson-Cook model were considered for
two cases: Al-6MgH112 and Al-6Mg-O [15]:

In order to save computation time axisymmetric
models were observed in our study. The interlayer
thickness was in the range from 0.1 mm (χ = 0.033)
to 4 mm (χ = 0.66), the thickness of steel and Al
alloy plates was 10 mm. Interlaminar bond strength
was equal to the strength of the weakest element of
the composite. The load speed was 0.02 mm/sec.
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(a) (b)

Figure 1: The influence of the soft interlayer relative thickness on (a) ultimate strength and (b) plasticity of the
Al-6Mg/AA1135/S32109 composite: 1) After EW 2) After heat treatment at 350 ◦C for 1 hr,Kh

1 – coefficient
considering the hardening of the soft interlayer

Table 1: Chemical composition of the materials used in this study

Material Chemical composition, wt. %
Al-6Mg Mg, 6 Fe, 0.4 Mn, 0.6 Cu, 0.1 Zn, 0.2 Ti, 0.06 Be, 0.002 Al, 91.1-93
AA1135 Fe, 0.3 Mn, 0.025 Ti, 0.15 Cu, 0.05 Mg, 0.05 Zn, 0.1 Al, >99.3
S32109 C, <0.12 Mn, <2 Ni, 9-11 S, <0.02 P, <0.035 Cr, 17-19 Cu, 0.3 Fe, 67

3 Results and discussion

The results of tensile tests have revealed that the re-
duction of the relative thickness of the interlayer in the
range 0, 65 ≥ χ ≥ 0, 08 causes the increase of the ul-
timate strength of the EW composite from 100 MPa to
210 MPa; recrystallization annealing at 350 − 400 ◦C
for 1 hour reduced the explosion welding hardening
of the interlayer and Al-6Mg, as a result in the range
1, 0 ≥ χ ≥ 0, 65 the ultimate strength value dropped
to the level of AA1135 interlayer; the reduction of χ to
0.08 increased the strength value of heat treated spec-
imen up to 175 MPa.

The comparison between experimental and cal-
culated via (2) and (3) results revealed the required
convergence in the range where χ > 0, 28 for the
EW specimens and in the range where χ > 0, 18
for the heat treated specimens (fig. 1). Smaller val-
ues of χ contribute to the insufficient implementa-
tion of contact hardening of the AA1135 interlayer
due to plastic deformation of the Al-6Mg plate in
zones adjacent to the interlayer which result in the
experimentally obtained curve points being under the

calculated curves AB and AB. Taking into consid-
eration the values of the contact hardening coeffi-
cient, contact hardening realization coefficient and
the explosion hardening coefficient the new approx-
imate position of the curve was obtained via graphical
method, according to which the strength value for Al-
6Mg/AA1135/S32109 laminated composite and Al-
6Mg alloy are equal at values of χ < 0.02, which
corresponds to the interlayer thickness of 0.12 mm in
case if the diameter of the specimen is 6 mm.

Experimental investigation of plastic properties of
the Al-6Mg/AA1135/S32109 composite at different
values of the interlayer thickness (fig. 1 b) revealed
the longitudinal residual strain to be localized mainly
in the interlayer at χ > 0.02. The elongation of the
composite defined mainly by AA1135 is 30% after
heat treatment at 350 ◦C for 1 hour. The reduction of
χ to 0.08 caused the decrease in the elongation down
to 4% (at the thickness of the interlayer of 0.48mm)
and the implication of Al-6Mg plate zones adjacent to
the interlayer into plastic deformation which can be
explained by softening effect [5].

The results obtained using SIMULIA/ABAQUS
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Table 2: Johnson Cook constitutive model parameters for materials used in this study

Material
Johnson Cook constitutive model parameters [8]

A, MPa B, MPa m n ε̇0 , s−1 Tm, K Tr, K Source
Al-6Mg-H112 218,3 704,6 0,93 0,62 1 773 293 [13]

Al-6Mg-O 168,4 950,5 1,08 0,71 1 773 293 [14]
AA1135 60 6,4 0,859 0,62 1 933 293 [11]
S32109 238 1202,4 1,083 0,675 1 1673 293 [14]

Table 3: Fracture constants for materials used in this study

Material
Fracture constants [10]

D1 D2 D3 D4 D5 ε̇0, s−1 Tm, K Tr, K Source
Al-6Mg 0,178 0,389 -2,246 0 0 1 873 293 [10]
AA1135 0,071 1,428 -1,142 0,0097 0 1 933 293 [11]

software revealed the relation between the deforma-
tion as well as the rupture character of the base plates
of the composite and the relative interlayer thickness
value (fig. 2).

According to the simulations the fracture was ob-
served only in the AA1135 interlayer (for the compos-
ites with Al-6Mg-H112 or Al-6Mg-O) in the whole
range of χ values used in this study. The decrease
of χ value increased the tensile strength of the com-
posite and the plastic deformations localized mainly
in the interlayer (fig. 3). At χ ≤ 0, 033 the deforma-
tion of the base Al-6Mg layer was observed (fig. 4).
In case when the material of the base plate was Al-
6Mg-H112 the strength of the composite improved,
however the modification significantly decreased the
maximum strain value on strain-stress curves.

Experimentally obtained values of tensile
strength of the heat treated at 350− 400 ◦C for 1 hour
Al-6Mg/AA1135/S32109 composite (fig. 1) converge
with the results of FEM simulation of tensile tests
for Al-6Mg-H112/AA1135/S32109 and Al-6Mg-
O/AA1135/S32109 composites in the observed range
of χ (fig. 4). The difference between ultimate
strength values for Al-6Mg-H112/AA1135/S32109
and Al-6Mg-O/AA1135/S32109 composites increase
with the reduction of relative thickness value, but
even when χ = 0, 0166 the difference is less than
5.7%.

During FEM simulation it was observed for com-
posites with Al-6Mg-H112 or Al-6Mg-O that at χ >
0, 0166 the plastic deformation is mainly localized in
the interlayer and in case when the thickness of inter-
layer is 0.1 mm the base Al-6Mg plate also begins to
plastically deform (fig. 5).

In order to obtain the three-layered Al-
6Mg/AA1135/S32109 composite with high value of
strength and the required plasticity the parameters

(a)

(b)

Figure 3: Stress-strain curves for the specimen with
10 mm layer thicknesses of Al-6Mg and S32109: a)
- Al-6Mg-H112, b) - Al-6Mg-O; 1 - χ = 0, 667; 2 -
0,333; 3 - 0,167; 4 - 0,0667; 5 - 0,0333; 6 - 0,0167
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Figure 2: Von Mises stress distribution in Al-6Mg-H112/AA1135/S32109 composite before rupture: a) χ =
0, 667; b) - 0,333; c) - 0,167; d) - 0,0667; e) - 0,0333; f) - 0,0167

(a) (b)

(c) (d)

Figure 5: Strain value distribution in the interlayer and adjacent to the interlayer zones in Al-6Mg and S32109: a-c
composite, containing Al-6Mg-H112, d - composite, containing Al-6Mg-O, a - χ = 0, 0667; b - χ = 0, 0333; c
and d - χ = 0, 0166; 1 - specimen deformation 0.3 mm; 2 - 0,6 mm; 3 - 0,78 mm; 4 - 0,9 mm; 5 - 1,02 mm; 6 - 1,2
mm
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Figure 4: The relation between obtained during sim-
ulation Al-6Mg/AA1135/S32109 ultimate strength
value and relative thickness of the interlayer

of the soft interlayer should be carefully chosen.
However the manufacture of such composites is
extremely difficult due to low value of required
interlayer thickness.

4 Conclusion
◦ In this study we verified the results of the modeling

via Abaqus/Simulia software of the 3-layered com-
posite behavior under tensile tests in the range of
relative interlayer thickness values.

◦ Using experimental and FEM approaches it was
found that the decrease in the relative interlayer
thickness value leads to the increase of the tensile
strength value of the composite. The plastic defor-
mation under the tensile tests is localized mainly in
the soft interlayer. The deformation of Al-6Mg layer
was identified only in the range where χ ≤ 0, 033
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